Retinal pigment epithelium (RPE) cell migration and proliferation are considered key elements in proliferative vitreoretinopathy (PVR). Downregulation of protein kinase Ca (PKCa) can inhibit RPE cell proliferation. Here, we sought to analyze whether PKCa affects the migration of RPE cells.
P roliferative vitreoretinopathy (PVR), one of the primary causes of blindness, was found in developed countries to have occurred in 3.9% to 13.7% of patients with rhegmatogenous retinal detachment who had not yet undergone vitreoretinal surgery. [1] [2] [3] Proliferative vitreoretinopathy is characterized by the growth and contraction of cellular membranes on both the inner and outer surfaces of the retina; therefore, it is generally considered to be a modified wound healing process. [4] [5] [6] [7] Retinal pigment epithelium (RPE) cells are considered to be a key element in this process and are present in almost 100% of epiretinal membranes. [8] [9] [10] When a retinal break occurs, the serum components and inflammatory cells enter into the subretinal space, and RPE cells are then exposed to a variety of cytokines. 11 In response, RPE cells are activated and migrate through the provisional extracellular matrix and retinal holes to form pathologic membranes on both surfaces of the neural retina. 12 However, the cellular mechanisms involved in this migration process are not well understood. Understanding how this process is regulated by the cytokine environment would provide insight into potential therapeutic targets against the pathophysiology of PVR.
Protein kinase C (PKC) is a multigene family of phospholipid-dependent serine-threonine kinases that mediate the phosphorylation of numerous protein substrates in signal transduction. 13 The family is classified into three groups on the basis of the arrangement of their W2 regulatory domains. Conventional isoforms (cPKC: a, b, c) contain a diacylglycerol (DAG)/phorbol ester-binding C1 domain and a Ca 2þ -binding C2 domain. Novel isoforms (nPKC: d, e, g, h) also contain C1 domains, but their C2 domains are unable to bind Ca 2þ . Atypical isoforms (aPKC: f and i/k) lack a C2 domain and have an atypical C1 domain; they are therefore regulated independently of Ca 2þ and DAG. [14] [15] [16] [17] It has been well documented that the PKC family is involved in the processes of proliferation, migration, phagocytosis, and gel contraction in RPE cells. [18] [19] [20] [21] At least 12 isoforms of PKC have been cloned to date, all displaying different enzymatic properties, tissue expression, and intracellular localization. 22 involved in PVR. 26, 27 Our previous study characterized the expression pattern of all 12 PKC isoforms and showed that 10 isoforms (PKCa, PKC bI , PKC bII , PKC d , PKC e , PKC h, PKC l , PKC f , PKC k , and PKC i ) were present in cultured human RPE cells. 28 In addition, we have demonstrated that, among the 10 isoforms of PKC, PKCa was both necessary and sufficient to promote RPE cell cycle progression through downregulation of p27 kip1 . 29 In this study, we sought to further investigate whether PKCa might affect the migration of RPE cells.
MATERIALS AND METHODS
Cell Culture of Human RPE Eyes were isolated from human donors within 24 hours after death and were obtained from the Zhongshan Ophthalmic Center, Sun Yat-sen University. None of the donors had a known history of eye disease. This project was approved by the Ethics Committee of the Zhongshan Ophthalmic Center and followed the tenets of the Declaration of Helsinki. Human RPE cells were harvested according to a previously described procedure. 29 The anterior segment was removed by incision of the eyeball 2 mm behind the ora serrata. The vitreous body and neurosensory retina were then carefully peeled away from the RPE-choroidsclera with fine forceps, and an eye cup was made. The eye cup was rinsed three times with PBS and filled with trypsin (0.05%)-EDTA (0.02%) solution at 378C for 30 minutes. A culture medium with 10% fetal bovine serum (FBS; Invitrogen-Gibco, Karlsruhe, Germany) was added to stop the enzyme reaction; then, we gently aspirated the eye cup with a Pasteur pipette and collected the cell suspension. The cell suspension was centrifuged at 1000g for 10 minutes. Cells were then resuspended in 4 mL Dulbecco's modified Eagle's medium (DMEM; Invitrogen-Gibco) containing 10% FBS, penicillin G (100 lg/mL), and streptomycin sulfate (100 mg/mL). The cells were then transferred to a 25-cm 2 plate and grown in an incubator in saturating humidity and 5% CO 2 at 378C. Experimentation was performed using 80% to 90% confluent cells at a cell passage of 3 to 6. The same cell preparation was used for experimental replicates or cells from different donors.
To confirm that the cell population was pure and of epithelial origin, we observed the morphological characteristics and presence of pigment in the cells under an inverted optical microscope (Olympus, Tokyo, Japan). In addition, the cells were confirmed by immunofluorescence staining for cytokeratin (CK) using a pan-cytokeratin (PCK) antibody and for nucleus using DAPI (4 0 6-diamidino-2-phenylindole dihydrochloride; Roche, Mannheim, Germany).
Knockdown of PKCa by Small Interfering RNA (siRNA)
To determine whether PKCa contributes to the migration of hRPE cells, we used small interfering RNA (siRNA) to inhibit the expression of PKCa in these cells. SiRNA-PKCa and nonsilencing siRNA were purchased from Ribuo Biotech (Guangzhou, China). The sequence of siRNA-PKCa was positive-sense strand 5 0 GGCGUCCUGUUGUAUGAAAdAdT3 0 and antisense strand 3 0 dTdACCGCAGGACAACAUACUUU5 0 . Chemically synthesized siRNA-PKCa was mixed with the suspension of two deoxyribose nucleotides to increase the stability at its 3 0 end. Lyophilized siRNA was dissolved in dH 2 O into a stock concentration of 20 lM and stored at À208C.
Human RPE cells were transfected with 100 nM nonsilencing siRNA and siRNA-PKCa using lipofectamine 2000 (Invitrogen, Carlsbad, CA) as delivery medium, according to the manufacturer's protocol. For standard six-well plates, 10 lL stored siRNA was dissolved in 250 lL Opti-MEM (InvitrogenGibco), and 5 lL lipofectamine 2000 was dissolved in 250 lL Opti-MEM and incubated for 5 minutes. These two solutions were mixed together and incubated for 20 minutes. Cultures of hRPE cells were incubated in an antibiotic-free, serum-free medium for 24 hours to ensure a cell density of 50% to 70%. The mixed solution and another 1.5 mL growth DMEM were then added to every well. The solution containing siRNA was removed 4 to 6 hours later, and then culture medium with 10% FBS was added for cell culture. After transfection, the hRPE cells were incubated for another 24 hours to ensure that the hRPE cells were equilibrated in their original environment. Next, quantitative RT-PCR (qRT-PCR), wound healing assay, transwell chamber assay, and immunofluorescence were carried out.
Quantitative Reverse Transcriptase-Polymerase Chain Reaction
To screen for PKCa expression, qRT-PCR was performed. Total RNA was extracted using Trizol reagent (Life Technologies, Gaithersburg, MD). The purity and the quantity of the RNA were measured by a spectrophotometer (Eppendorf, Hamburg, Germany). Two lg RNA was reverse transcribed following the protocol of the Super Script First-Strand Synthesis System (Takara, Tokyo, Japan). Primer sequences were designed using primer 3. 30 For PKCa, the forward primer was 5 0 -ATCCGCA GTGGAATGAGTCCTTTACAT-3 0 , and the reverse primer was 5 0 -TTGGAAGGTTGTTTCCTGTCTTCAGAG-3 0 . A housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), was used as the internal control. The forward primer was 5 0 -ACCCAGAAGACTGTGGATGG-3 0 , and the reverse primer was 5 0 -TGCTGTAGCCAAATTCGTTG-3 0 . Quantitative RT-PCR was performed in a 20-lL reaction mixture using the FastStart Universal SYBR Green Master reagent (Roche, Basel, Switzerland) on an ABI PRISM 7000 sequence detection system (Applied Biosystems, Carlsbad, CA). The PCR conditions were as follows: 1 cycle at 958C for 10 minutes, followed by 40 cycles at 958C for 15 seconds and 608C for 1 minute. The DDCt method was applied to estimate relative transcript levels. Levels of GAPDH amplification were used to normalize each sample Ct (threshold cycle) value. Units are expressed as relative quantification (RQ).
RPE Cell Migration Assay
The cultured hRPE cells were divided into four groups: control, thymeleatoxin (Sigma-Aldrich, St. Louis, MO), non-siRNA (Ribuo Biotech), and siRNA-PKCa (Ribuo Biotech); they were incubated with DMEM (Invitrogen-Gibco) containing 10% FBS (Invitrogen-Gibco) or containing 10% FBS and 100 nM thymeleatoxin, 29, 31, 32 100 nM non-siRNA, or 100 nM siRNAPKCa, respectively. Cell migration ability was analyzed by wound healing assay and transwell chamber assay.
Wound Healing Assay
Human RPE cells at a density of 15,000 to 20,000/well were seeded into 25-mm wells in 12-well plates; the cells were then grown to confluence. To measure growth-inhibited migration, hRPE cells were pretreated with mitomycin C (10 lg/mL). Mitomycin C was applied to the cells for 2 hours and removed with three washes of PBS. A cross-stripe scratch wound was made on the cell surface with a yellow micropipette tip. The wound area was photographed with an inverted fluorescence microscope (Carl Zeiss, Oberkochen, Germany) at time points 0, 12, 15, and 20 hours with a 310 objective. The microscope was able to record the same exact area at each time point by
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memorizing the x-y directions through a computer-controlled, motorized head stage. AxioVision software (AxioVision release 4.7.2, Oberkochen, Germany) was used to draw the lines of the wound edges and to measure the distance between the two edge lines. The wound healing rate was defined as the change of wound distance per hour.
Transwell Chamber Assay
The cell migration assay was performed using a 24-well transwell chamber. Ten thousand cells of each group were seeded on the inner chamber of a transwell plate containing an 8-lm pore size membrane. The cells were then incubated with the same medium in the inner chamber and lower chamber. After 24 hours of incubation, the cells on the upper membrane were scraped off; the migrated cells on the lower surface of the filter were fixed with 4% paraformaldehyde at room temperature for 10 minutes, stained with DAPI for 5 minutes, and then photographed with a Zeiss fluorescence microscope (Carl Zeiss) with 35 objective. Imgview software (Imgview 2.0; MichaelGraphics Software Tools, Hochschulstrasse, Germany) was used to count the cell numbers in the immunofluorescence micrograph. Each experiment was repeated at least three times.
Immunofluorescence
Human RPE cells were grown on glass coverslips, cultured with DMEM containing 10% FBS or containing 10% FBS and 100 nM thymeleatoxin, 100 nM non-siRNA, or 100 nM siRNAPKCa. When the cells grew to confluence, a cross-stripe scratch wound was made on the cell surface; then, the cells were cultured for 24 hours in dishes containing 10% FBS DMEM medium.
The subcellular distribution of zonula occludens (ZO)-1 and occludin was determined by indirect immunofluorescence. Cells were fixed at 48C by washing twice with 100% ethanol (for 30 minutes total) and then rinsed three times in PBS. All reagent incubations were performed in a humidified chamber. After blocking nonspecific antibody binding with 10% bovine serum albumin, cells were incubated for 1 hour at 378C with mouse anti-ZO-1 or mouse anti-occludin (Invitrogen). After washing three times for 5 minutes in PBS, the primary antibodies were revealed with Alexa Fluor 488 goat anti-mouse IgG (1:1000; Invitrogen) at 378C for 30 minutes. Then, DAPI was incubated for 5 minutes at room temperature. After three rinses in PBS, the coverslips were mounted onto glass slides. The specimens were examined and analyzed using a Zeiss laser scanning confocal microscope (LSCM 510 META; Oberkochen, Germany).
Statistical Analysis
All data were expressed as the mean 6 standard deviation (SD). The level of significance was determined by using twosample Student's t-tests. P < 0.05 was considered statistically significant.
RESULTS

Human RPE Cells Identified Under Inverted Optical Microscope and Fluorescence Microscope
Light microscopy showed that most of the isolated hRPE cells of passage 0 were hexagonal shaped and pigmented (Fig. 1) . With increasing passage number, the pigment decreased and morphology flattened in the cells through passage 4. The cytokeratin and nuclei of the cell cultures were stained uniformly. 
PKCa mRNA Expression Not Upregulated Significantly by Thymeleatoxin but Downregulated by siRNA-PKCa as Assessed by qRT-PCR
Quantitative RT-PCR showed that thymeleatoxin increased the mRNA levels of PKCa compared to the control group at 24 hours, but there was not a significant difference between the two groups (P ¼ 0.093) (Fig. 2) . On the other hand, siRNAPKCa significantly reduced the mRNA levels of PKCa compared with the non-siRNA group at 24 hours (P < 0.05). The vertical axis is the RQ level of PKCa.
Faster Healing of Scratch Wounds in the Thymeleatoxin Group and Slower Healing in the siRNA-PKCa Group
During the 20-hour observation of wound healing, micrographs of the healing wounds and gap widths were recorded. The gap widths and wound healing rates of the four groups are listed in the Table. In the wound healing assay, the thymeleatoxin group healed faster than the control group, with significant differences at time points 12, 15, and 20 hours (P < 0.05) (Fig. 3, Table) . The siRNA-PKCa group healed more slowly than the non-siRNA group, with significant differences at each of the three time points (P < 0.05).
Cell Migration Higher in the Thymeleatoxin Group and Lower in the siRNA-PKCa Group in the Transwell Assay
At 24 hours of incubation, fluorescence photomicrographs showed that more cells had migrated through the membrane in the thymeleatoxin group than in the control group, and the cell migration numbers were significantly different between the two groups (P < 0.05) (Fig. 4) . Fewer migrated cells were observed in the siRNA-PKCa group than in the non-siRNA group at 24 hours, and the migrated cell numbers were significantly different between these groups (P < 0.05). The wound healing rate is defined as the change of wound distance per hour. All data are expressed as the mean 6 standard deviation.
Expression of ZO-1 and Occludin in the Four Groups Under the Fluorescence Microscope
Before migration, the expression of ZO-1 (green) was highest in the siRNA-PKCa group, similarly and moderately intense in the control and non-siRNA groups, and lowest in the thymeleatoxin group (Fig. 5) . After migration, fluorescence intensity of ZO-1 was reduced to similarly weak levels among the four groups. Before migration, the expression of occludin (green) was more prevalent in the thymeleatoxin group than in the control show that the wound healing rates are significantly different between the thymeleatoxin and the control groups (P < 0.05), and between the siRNAPKCa and the non-siRNA groups (P < 0.05). (Fig. 5) . Occludin expression was seldom observed in the non-siRNA and siRNA-PKCa groups. The expression of occludin changed after migration compared to before.
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DISCUSSION
Migration of RPE cells into the vitreous body plays an important role in the onset and development of PVR. Protein kinase C has been demonstrated to regulate both the migration and proliferation of RPE cells. 21 Ten isoforms are present in cultured human RPE cells, and PKCa has been confirmed to regulate RPE cell cycle progression and proliferation. Here, we further demonstrated that PKCa regulates the migration of RPE cells in vitro. Protein kinase C is a family of isoenzymes that play a central role in cellular processes such as proliferation, differentiation, mitosis, and inflammation. 13 The differences in the function of specific PKC isoforms are mainly due to their subcellular localization, activation, or inhibition by different stimuli and transcriptional regulation. 33 Murphy et al. 21 reported that migration of hRPE cells, stimulated by phorbol 12-myristate 13-acetate (PMA) and inhibited by calphostin C, is regulated by PKC in vitro. Our previous study characterized the expression pattern of all 12 PKC isoforms and showed that 10 of these are present in cultured human RPE cells. 28 Additionally, we found that PKCa was both necessary and sufficient to promote cell cycle progression after being stimulated with PMA; that is, downregulation of PKCa can inhibit RPE cell proliferation. 29 Moreover, siRNA-PKCa could be released sustainably from a novel foldable capsular vitreous body (FCVB) to inhibit PKCa expression in RPE cells in vitro. 34 Therefore, the role of PKCa in migration will be an interesting and essential research point after its proliferative role is ascertained.
The mechanism through which PKCa stimulates migration relies on its structure. Protein kinase Ca is a conventional PKC that has a C2 domain containing a putative Ca 2þ binding site. The binding of Ca 2þ to the five aspartates orients the bulky aromatics to interact with the membrane. 35 Thymeleatoxin, a chemically related phorbol compound, selectively activates PKCa, b, and c and increases the calcium sensitivity in intact cells. Moreover, 100 nM thymeleatoxin effectively activates PKCa. 36 Ryves et al. 37 demonstrated that thymeleatoxin enhances the kinase activity of PKCa through kinase activation assays. Nishizuka 38 and Miyawaki and Ashraf 39 showed that translocation is a key index of PKC activation as it enables the interaction of PKC with membrane phospholipids. Newton 33 and Zidovetzki and Lester 40 showed that PKCa was activated through interactions with the cell membrane, with allosteric effects of phosphatidylserine, DAG, and Ca 2þ on the enzyme. Western blot analysis confirmed that PKCa was specifically translocated by thymeleatoxin from the soluble cytosolic fraction to the membranous fraction, [41] [42] [43] while our previous and current studies both showed that the PKCa mRNA level was not significantly upregulated by thymeleatoxin treatment. 29 Based on this evidence, we speculate that thymeleatoxin did not increase the mRNA levels of PKCa but instead translocated it from the cytosolic fraction to the membranous fraction and enhanced its kinase activity.
However, the roles of PKCa in proliferation and migration might overlap and interact with each other. Murphy et al. 21 reported that PMA and calphostin C affected the migration of RPE cells equally in growth-inhibited and growth-dependent migration. Similarly, mitomycin C treatment in this study enabled us to inhibit proliferation and thereby evaluate migration primarily based on cell motility. Protein kinase Ca is knocked down by siRNA, and the non-siRNA group was set as the negative control to redress the influences of siRNA. Small interfering RNAs, achieving target-specific gene silencing via double-stranded RNA-mediated RNA interference, have attracted much attention as a new therapeutic technique. 44, 45 Previous research has demonstrated that 100 nM siRNA-PKCa has the most effective inhibitive influence among doses in the 10 to 200 nM range, with no significant toxicity (data not shown). However, the wound healed faster in the non-siRNA group than in the control group. Similar patterns were observed in the transwell chamber assay. The reasons are difficult to identify, and more in-depth research will be conducted in the future.
Tight junction proteins play key roles in migration and can be divided into two groups. 46, 47 Occludin belongs to the first group (integral membrane proteins), 48, 49 and ZO-1 belongs to the second group (plaque proteins). [50] [51] [52] The classical junctional scaffold protein ZO-1 is widely recognized for its vital role in the assembly of cell-cell adhesion complexes. 53 Zonula occludens-1 associates with the subcellular C-terminal tail of occludin, and interaction between these proteins is crucial for tight junctions. 54 In our study, the expression of ZO-1 was highest in the siRNA-PKCa group, moderately intense in the control and non-siRNA groups, and lowest in the thymeleatoxin group, indicating that a PKCa agonist might decrease the expression of ZO-1. After migration, fluorescence intensity of ZO-1 was reduced to similarly weak levels among the four groups, indicating that migration might decrease the expression of ZO-1.
Some effective therapy involving PKCa has recently been studied. A new siRNA-based therapeutic strategy targeting the PKCa gene has been designed to overcome the chemoresistance of ovarian cancer. 55 Berberine, an isoquinoline alkaloid inhibiting PKCa in breast cancer cells, may be used as a candidate drug for the inhibition of metastasis of human breast cancer. 56 We have demonstrated that siRNA-PKCa can be released sustainably from a novel FCVB to inhibit PKCa expression in RPE cells in vitro. 34 As PKCa is the only isoform is highest in the siRNA-PKCa group, similarly and moderately intense in the control and non-siRNA groups, and lowest in the thymeleatoxin group. After migration, the fluorescence intensity of ZO-1 is reduced to similarly weak levels among the four groups. The cell nuclei stained with DAPI are blue (340, scale bar: 50 lm). (B) Before migration, the expression of occludin (green) is more prevalent in the thymeleatoxin group than the control group. Occludin expression is seldom observed in the non-siRNA and the siRNA-PKCa groups. The expression of occludin changes little before and after migration (340, scale bar: 50 lm).
associated with the proliferation of RPE cells, combining its role in migration and inhibition of PKCa might be a rational approach for therapy against PVR disease.
In conclusion, RPE cell migration is enhanced by a PKCa agonist and is suppressed by a PKCa antagonist. These results suggest that a PKCa-mediated signal transduction pathway plays a crucial role in RPE cell migration and might be useful as a potential therapeutic target against RPE cell migration and PVR disease.
